Abstract In this study, the adsorption of 5-nm silica nanoparticles onto montmorillonite and illite is investigated. The effect of surface functionalization was evaluated for four different surfaces: unmodified, surfacemodified with anionic (sulfonate), cationic (quaternary ammonium (quat)), and nonionic (polyethylene glycol (PEG)) surfactant. We employed ultraviolet-visible spectroscopy to determine the concentration of adsorbed nanoparticles in conditions that are likely to be found in subsurface reservoir environments. PEG-coated and quat/ PEG-coated silica nanoparticles were found to significantly adsorb onto the clay surfaces, and the effects of electrolyte type (NaCl, KCl) and concentration, nanoparticle concentration, pH, temperature, and clay type on PEG-coated nanoparticle adsorption were studied. The type and concentration of electrolytes were found to influence the degree of adsorption, suggesting a relationship between the interlayer spacing of the clay and the adsorption ability of the nanoparticles. Under the experimental conditions reported in this paper, the isotherms for nanoparticle adsorption onto montmorillonite at 25°C indicate that adsorption occurs less readily as the nanoparticle concentration increases.
Introduction
Nanoparticles have recently gained attention in the oil and gas industry for their potential application in enhanced oil recovery (EOR) and as nanosensors in hydrocarbon reservoirs (Amanullah and Al-Tahini 2009; Krishnamoorti 2006; Mokhatab et al.2006; Sensoy et al. 2009 ). In addition to their increased surface area, the ability to functionalize nanoparticles through surface modifications make them attractive agents in the oil industry (El-Diasty and Ragab 2013) as well as many other fields. A main topic of research is the application of nanoparticles as drilling fluid additives or ''smart fluids'' that can be tailored for specific industrial applications (Amanullah and Al-Tahini 2009; Cai et al. 2011) . Sensoy et al. (2009) reported that nanoparticles at 10 wt% or higher concentrations could plug shale pore throats and reduce permeability to minimize fluid invasion. Cai et al. (2011) argued that the use of nanoparticles in drilling fluids would be the first large-scale application of nanotechnology in the oil and gas industry. The authors showed experimentally that unmodified nanoparticles could reduce the invasion of water-based drilling fluids into shale.
Successful application is dependent upon understanding the transport of nanoparticles in wellbores and hydrocarbon formations. The mobility, retention, and transport fate of nanoparticles in natural formations are greatly influenced not only by characteristics of the nanoparticle itself, such as concentration and surface modifications, but also by subsurface environmental conditions, such as the electrolyte type and concentration, temperature, and the pH and mineral composition of the formation.
Characterizing the retention of nanoparticles onto clay minerals due to adsorption under subsurface conditions is necessary for selecting the types of nanoparticles or surface modification to be used as suitable nanosensors or EOR agents. Most hydrocarbon reservoir rocks contain clay minerals. Kaolinite, montmorillonite, illite, and chlorite are abundant in sandstone. The basic structure of clay minerals consists of a sheet of oxygen or hydroxyl groups embedding heavy metals, such as aluminum, iron, or magnesium atoms, and a sheet of silica tetrahedral. Two sheets of silica sandwiching on one sheet of aluminum define a basic layer of montmorillonite. These layers are separated by thin aqueous films that contain cations and organic materials (Brindley and Pedro 1972) . This particular structure of montmorillonite is mainly responsible for the expansion of montmorillonite in the presence of water. Clay swelling has been an active area of research since the 1950s. Clay swelling has significant impacts in drilling and production engineering, including wellbore instability and formation damage. It has been suggested that the silicate structure has a permanent negative charge due to the replacement of Si 4? by Al 3? or Al 3? by Mg 2? . These exchangeable cations are situated between the silicate layers, neutralizing their charge. The mechanism of clay swelling was described as water molecules entering interlayer positions to hydrate ions present in that region by Norrish (1954) . The interlayer spacing increases from 9.5 A, for the dry material, to 20 A, corresponding to four layers of water in crystalline swelling. In the second region of swelling, osmotic swelling, Na-montmorillonite takes up 10-g H 2 O/g clay and increases its volume by about 20 times. At greater water content, the montmorillonite becomes a thixotropic gel, followed by a sol, and this may be regarded as the third stage of water uptake. Na-montmorillonite in contact with water has been reported as taking up to 10-g H 2 O/g clay, and this may represent the maximum water content d * 300 A of normal swelling (Luckham and Rossi 1999) . The mechanisms and kinetics of clay swelling in petroleum-bearing formations were discussed in detail by Civan (2007) .
While the mechanisms for clay swelling have been extensively studied, there is a very little work published on the interaction of nanoparticles with clays and the mechanisms are not well understood. The purpose of this study is to evaluate the adsorption of surface-modified silica nanoparticles on clay minerals. Understanding the adsorption is a key for subsurface application of nanoparticles, i.e., clay swelling inhibitors, tracers, or fines migration stabilizers.
This work aims to characterize the influence of surface modification with sulfonate, polyethylene (PEG), or quat/ PEG on the adsorption of silica nanoparticles onto clay minerals under moderate conditions to be encountered in subsurface environments, i.e., 25-50°C temperature, injected fluid with pH 7-10 and 15,000-30,000 ppm TDS for the applications listed above. We attempt to relate our previous work on the effect of silica nanoparticles on clay swelling with adsorption (Pham and Nguyen 2014) . In this study, the adsorption of silica nanoparticles onto montmorillonite and illite surfaces were measured for different nanoparticle surface properties. Adsorption isotherm curves were generated from UV-Vis absorbance readings by determining the difference between initial and equilibrium nanoparticle concentrations. The effects of particle size, electrolyte type (NaCl, KCl) and concentration, nanoparticle concentration, pH, and temperature on adsorption at the clay surfaces were also evaluated.
Background
Adsorption of organic compounds on several clay minerals has been widely studied to explore the potential application of clays in industrial wastewater treatment. Parfitt and Greenland (1970) studied the adsorption of polyethylene glycols (PEGs) of varying molecular weights on clay minerals, and they observed that the affinities of polyethylene glycols to the clay surface increased with molecular weights between 200 and 20,000. The authors suggest that the primary contribution to the adsorption energy comes from the entropy gain associated with the desorption of several water molecules for each polymer molecule adsorbed. Zhao et al. (1989) also studied the adsorption of PEG onto montmorillonite clays, arguing that the work by Parfitt and Greenland (1970) primarily used PEG of low molecular weight in impractically high concentrations. They used six different molecular weight PEGs ranging from 300 to 200,000 to study the adsorption, adsorption rate, influence of pH, and influence of different clay types. Rapid adsorption of the PEG for all montmorillonite clays was observed, and equilibrium was reported to be attained within 30 min. The adsorption isotherms for all PEG onto the montmorillonite clays were found to conform to the Freundlich isotherm. Note that the Fruendlich isotherm assumes that the adsorbent is composed of a heterogenous adsorption sites with different adsorption potentials (Zhao et al. 1989) .There is no saturation of the adsorbent surface, and the adsorbed amount increases indefinitely with increasing adsorbate concentration (Praus et al. 2008 ). Parfitt and Greenland (1970) also proposed that the primary adsorption force was the Van der Waals force, since the adsorption heats of PEG on the montmorillonite clays were small. Billingham et al. (1997) studied the adsorption of several water soluble polymers on montmorillonite. Using X-ray diffraction (XRD), PEG was observed to stack as either one or two layers between the clay lamellae as compared to polyacrylic acid (PAA) and polyamine (FL15) which were restricted to a single layer.
Several studies have focused on investigating the adsorption of nanoparticles at mineral surfaces. However, there is great variation between studies with regard to nanoparticle type and experimental parameters. A study by Antelmi and Spalla (1999) focused on the adsorption of nanolatex particles to flat sapphire (a-Al 2 O 3 ) and cerium oxide surfaces (CeO 2 ). The adsorption density for the nanolatex dispersions was highest at low pH and decreased as the pH increased. The adsorption density was found to be strongly influenced by the surface charge of both the nanolatex particles and mineral surface in addition to ionic strength. Adsorption did not occur above the point of zero charge (PZC) for cerium oxide, while a significant adsorption occurred for sapphire above its PZC. The mechanism of adsorption was concluded to be kinetically controlled and different for sapphire and cerium oxide. Metin et al. (2012) studied the adsorption of both unmodified and surface functionalized (PEG-or sulfonate-modified) silica nanoparticles onto calcite and quartz surfaces. The results suggest that adsorption did not occur between both unmodified and surface functionalized nanoparticles with the minerals studied. Yu et al. (2012) conducted a study on the adsorption and transportation behavior of silica nanoparticles in three different porous media: sandstone, limestone, and dolomite. Small amounts of nanoparticles were observed to adsorb onto the sandstone and limestone cores, while no adsorption was observed for dolomite.
Materials and methods
The montmorillonite and illite clay was purchased from Ward's Natural Science Establishment, Inc., and dry sieved through 400-200 mesh sieves to obtain particle sizes between 38 and 74 lm, respectively. The clays were then dried at 110°C overnight and stored in a desiccator jar prior to use. No further purification of the clay was performed. The silica particles were provided by 3 M (St. Paul, MN, USA). Table 1 shows the diameters, surface coating materials, and zeta potentials of these nanoparticles of 5-nm diameter. Note that quat/PEG is referred to a mixture of quaternary ammonium and PEG used to modify silica nanoparticle surfaces.
The batch adsorption experiments were prepared by adding 0.05 g of the clay to each of the glass vials that contained 3 ml of aqueous silica nanoparticle dispersion. The vials were then left undisturbed for 10 days to allow for equilibration at 25°C. A Cary 50 ultraviolet-visible spectrophotometer was used to determine silica nanoparticle concentration in the supernatants via UV-Vis absorbance at 300 nm and calibration curve. Note that the calibration curve was constructed using the same wavelength, and that NaCl and KCl solutions were also confirmed to lack absorbance readings in the ultraviolet regions studied. The adsorption isotherms were generated using the following equation to determine the adsorbed amounts, a (g silica nanoparticles/g clay):
where c i -c e represents the difference in initial and equilibrium nanoparticle concentrations (wt%); M is the mass of the nanoparticle dispersion; and m is the mass of the clay (adsorbent).
Results and discussion

Effect of surface modification
The adsorption of 5-nm silica nanoparticles on montmorillonite was found to be insignificant at 1.5 wt% NaCl and 25°C for both unmodified and sulfonate surfaces. However, PEG-or quat/PEG-modified nanoparticles showed significant adsorption and similar isotherms as shown in Fig. 1 . In particular, the adsorbed amounts of nanoparticles onto the clay surfaces did not display saturation under the conditions studied. Anderson et al. (2010) showed that cationic quaternary groups might form electrostatic interactions with negatively charged surfaces of the clay, in addition to the hydrogen bonds and enhanced inhibition of swelling. Although the surface charge of quat/PEG-coated silica nanoparticles is positive (i.e., positive zeta potential for this surface shown in Table 1 ), the adsorption results indicate that the presence of quaternary ammonium on silica particle surfaces does not remarkably influence the adsorption isotherm over a wide range of particle concentration.
The adsorption characteristics of PEG-coated nanoparticles shown in Fig. 1 is quite similar to PEG adsorption on montmorillonite. Burchill et al. (1983) demonstrated through neutron scattering studies that hydrophilic polymers, such as PEG, were able to displace the non-coordinated water and bind to the silicate surface as well as to the exchangeable cations through water bridge mechanism. There is a net gain in entropy which provides the driving force for PEG adsorption (Theng 2012) . The adsorption of PEG onto montmorillonite gave Langmuir type isotherms and the adsorbed amount increased with the molecular weight. Cliffe et al. (1995) showed that the adsorption of PEG onto montmorillonite gave Langmuir type isotherms without reaching a plateau. Plank (2012) suggested that PEG intercalated with montmorillonite and shifted the d-spacing from 1.23 nm to 1.77 nm. In addition, it was shown that PEG-2000 could generate highly ordered layer structures by intercalating in between clay layers. Figure 2 presents the adsorption isotherms of silica nanoparticles at equilibrium concentrations in the presence of 1.5-3 wt% NaCl background concentrations. Up to 1 wt% nanoparticle concentrations, there is no significant difference in adsorption between 1.5 and 3 wt% NaCl. Exceeding this nanoparticle, concentration yields noticeably lower adsorbed amounts for 3 wt% NaCl adsorption isotherm. A recent study by Metin et al. (2011) has demonstrated that the PEG-coated silica nanoparticle dispersion remains stable at NaCl concentrations up to 10 wt%, suggesting that the observed decreased adsorption at a higher NaCl concentration is unlikely due to homo-aggregation of the nanoparticles. Figure 3 shows that adsorption isotherm for KCl is lower compared to NaCl at the same concentration for all equilibrium nanoparticle concentrations. Increasing the concentration of KCl up to 2 wt% did not significantly modify the adsorption isotherm. The adsorbed amount appears to be dependent on the magnitude of clay swelling influenced by the concentration and type of electrolyte at 25°C. As electrolyte concentration increases, the magnitude of clay swelling is reduced in visual observation studies. The crystal lattice of the clay is able to exchange cations within a solution to neutralize the charge deficiency of the clay, influencing the degree of clay swelling. KCl is known to decrease the magnitude of clay swelling. The ionic radius of the K ? cation approximates the hexagonal holes in the silica sheet of the clay, and is able to situate within the cavity. The immobilized K ? cations on either side of the interlayer space are able to share a water molecule in this region and reduce clay swelling (Holtz and Kovacs 1981) . Moreover, the direct interaction (i.e., iondipole interactions) between the exchangeable cations and PEG molecules may not be responsible for adsorption (Parfitt and Greenland 1970) . Instead, it was proposed that the cations retained their hydration shell and that weak bonds were involved between the primary hydration shell of the exchangeable cation and that of the ether oxygen atoms of the polymer to give a water bridge. Liu et al. (2004) observed that the more hydrophobic units there were in the polyglycols, the stronger the adsorption was on montmorillonite layers. Water was displaced from clay and complexes are formed in the presence of K ? . Upon addition of K ? , the PEO hydration was significantly perturbed and PEO-water pair interaction energy drastically decreased. 1.5 wt% NaCl 1.5 wt% KCl Fig. 3 Isotherms for the adsorption of PEG-modified nanoparticles on montmorillonite at 1.5 wt% NaCl and 1.5 wt% KCl concentrations at 25°C Zhao et al. (1989) studied the adsorption of aqueous PEG on montmorillonite-Na and bentonite II-Ca clays. There was a significant difference in adsorption rates between the two clays, and the observation was attributed to differences between the swelling and dispersion mechanism of the two clays. The electrostatic attraction between crystal layers in montmorillonite-Na is weaker in the presence of water than bentonite II-Ca, which allows montmorillonite-Na to divide its crystal layers into fine colloidal particles. However, the adsorbed amounts were greater in bentonite II-Ca as compared to montmorilloniteNa, which is likely due to differences in the hydrophilicity between the clay surfaces. The results in Figs. 1, 2 , and 3 suggest that hydrophilicity is not the primary influence for the difference in adsorption, since the clay types are the same across the samples. The higher slope of the initial portion of the curve suggests that binding occurs more readily at lower nanoparticle concentrations and becomes increasingly difficult at higher nanoparticle concentrations. The relationship between adsorption and spacing of the interlayer region between crystal layers due to electrolyte type and concentrations may indicate a restriction on the ability of the nanoparticle to enter the interlayer region. Figure 4 shows no significant difference between the adsorption isotherms at pH 7-10. The zeta potential measurements on montmorillonite suspensions showed around 5-mV variation in the range of pH 7-10 as reported by Plank (2012) which may explain the similarity in adsorption behavior at these pH values. Zhao et al. (1989) investigated the adsorption rates and capacities of PEG onto several montmorillonite clays and observed that there was a little difference in adsorbed amounts of PEG between pH 5 and 12 for montmorillonite. For silicate clays, such as montmorillonite, the permanent negative surface charge is mainly due to isomorphous substitution and is independent of pH (Missana and Adell 2000; Zhou et al. 2012) . In a separate study, we did not find any significant differences between the magnitude of clay swelling through visual observations at pH 7-10.
Effect of electrolyte type and concentration
Effect of pH
Effect of temperature
As shown in Fig. 5 , the adsorption is significantly decreased at 50°C compared to 25°C. The isotherm at 50°C appears relatively linear compared to 25°C. Although there was a small increase in clay swelling, likely due to increased Brownian motion and kinetic energy of the system, there was a decrease in nanoparticle adsorption. The adsorption for nonionic surfactants will generally increase as the temperature increases due to an inverse temperature-solubility relationship in aqueous solutions (Myers 2006) . The decreased adsorption at 50°C may indicate that the nanoparticles begin to aggregate, leading to increased effective particle diameters that alter their adsorption ability onto the montmorillonite surface. The results by Metin et al. (2011) indicate that the aqueous stability of PEG-modified silica nanoparticles is affected by increased temperatures. Above a certain salt concentration, known as the critical salt concentration (CSC), the nanoparticle dispersion displays decreased stability. The CSC was observed to decrease as the temperature increased, resulting in increased effective particle diameters and nanoparticle aggregation at elevated temperatures (2 wt% NaCl at 70°C for PEG-modified nanoparticles) (Metin 2012) . The aggregation of nanoparticles at 50°C is not significant; therefore, the change in optical density of the dispersion is mainly due to nanoparticle adsorption onto clay mineral. However, an onset of aggregation may affect the concentration measurements. 
Effect of clay type
The adsorption isotherm of nanoparticles onto illite is presented in Fig. 6 . The adsorption of nanoparticles onto illite is much lower compared to montmorillonite. It is not surprising that adsorption occurred, since illite has a crystal structure layering pattern similar to montmorillonite, except the interlayer sheets are held together by a potassium atom. Compared to montmorillonite, illite is considered a non-swelling clay due to the presence of K ? cations in the hexagonal holes in the silica sheet which strongly bonds the layers together (Holtz and Kovacs 1981) . The decreased spacing of the interlayer region limits movement and entry of the nanoparticles into the interlayer region in much the same way KCl acts on montmorillonite to decrease nanoparticle adsorption.
Conclusions
PEG and quat/PEG-modified nanoparticles adsorbed significantly on montmorillonite. Saturation of nanoparticle adsorption was not observed within the ranges of nanoparticle concentration studied, although the adsorption isotherm curves suggest increased difficulty in binding as nanoparticle concentration increased. Nanoparticle adsorption was found to be influenced by the availability of clay surface area for binding, and a relationship between the magnitude of clay swelling and adsorbed amounts of nanoparticles was observed. The presence of electrolytes, such as NaCl and KCl is known to reduce the spacing between the interlayer sheets. As NaCl concentration increased, a reduction in nanoparticle adsorption was observed. KCl is known to reduce the interlayer spacing and swelling more than NaCl, and our results demonstrate decreased nanoparticle adsorption in the presence of KCl.
There was no significant difference in nanoparticle adsorption when the pH was increased from 7 to 10. The adsorption isotherm for temperature at 50°C displayed significantly lowered adsorption as compared to 25°C. This difference may be due to a reduction in nanoparticle stability which can alter binding due to increased effective particle diameters. Increased temperatures allow for greater average kinetic energy and particle collisions within the system.
Adsorption isotherms for illite indicate a significant decrease in adsorption. The non-swelling nature of the clay and presence of potassium atoms in the interlayer sheets is thought to restrict nanoparticle movement into the interlayer region, similar to the ability of KCl to reduce the interlayer spacing in montmorillonite. 
